The objective of this study was to estimate the effects of β-κ-casein (CN) haplotypes on first-lactation milk production traits. The β-κ-CN haplotypes were deduced using information on β-and κ-CN genotypes of cows and their sires for 16,973 Finnish Ayrshire cows that had at least nine paternal half sibs. Effects of CN haplotypes on milk production traits were estimated for one haplotype at a time using an animal model, which included the fixed effects for calving year and month, age at calving, days open, β-lactoglobulin, and a β-κ-CN haplotype. Differences in milk production traits were also estimated between haplotype combinations A 1 A+A 2 B and A 1 B+A 2 A within β-κ-CN genotype A 1 A 2 AB and between combinations A 1 E+A 2 A and A 1 A+A 2 E within genotype A 1 A 2 AE. The β-κ-CN haplotypes A 2 A and A 2 B were associated with high milk and protein yields and low fat content, and those that included the β-CN A 1 allele were associated with low yields and high fat content. Protein content was affected by the κ-CN locus; haplotype A 1 B was associated with high protein content and A 1 E was with low protein content. The haplotype combination A 1 A+A 2 B was associated with 140 kg more milk yield (P = 0.045) and 0.03 percentage units less protein content (P = 0.055) than combination A 1 B+A 2 A, and combination A 1 A+A 2 E showed 0.02 percentage units greater protein content (P = 0.098) than A 1 E+A 2 A. These results indicate that genes linked to the CN loci contribute to the variation in milk yield and protein content. (Key words: dairy cattle, casein haplotypes, milk production, linkage disequilibrium) Abbreviation key: FAy = Finnish Ayrshire.
INTRODUCTION
Associations between bovine CN polymorphism and milk production traits (milk, fat, and protein yields; fat content; and protein content) have been estimated using different statistical models. In many studies, effects of CN genotypes were evaluated with information on individual CN genotypes and milk production records of cows (Aleandri et al., 1990; Bovenhuis et al., 1992; Gonyon et al., 1987; Lin et al., 1989; Mao et al., 1992; Ng-Kwai-Hang et al., 1990; Ortner et al., 1995) . Milk protein genotype information of cows and their sires has been used to estimate the direct effects of CN genotypes on milk production traits and to map linked QTL affecting these traits (Bovenhuis and Weller, 1994; Freyer et al., 1998) . Effects have also been estimated for sires' CN genotypes on their breeding values for milk production traits and on phenotypic milk production records of their daughters (Ron et al., 1994) and on daughter yield deviations for milk production traits (Sabour et al., 1996) .
In the above studies, results for the effects of individual CN genotypes on milk production traits are inconsistent. One possible reason for the conflicting results is that the CN genes which are located at chromosome 6 within a region of about 200 kb (Ferretti et al., 1990; Threadgill and Womack, 1990 ) are tightly linked. The influence of linkage disequilibrium in the alleles of the CN loci on the estimation of CN genotype effects was established by Ikonen et al. (1999) . In that study, correct estimation of the effects of the CN genotypes that had no significant effect on milk and protein yields was difficult if the CN genotypes were tested individually. The use of CN genotype combinations was thus considered to be a more appropriate way to estimate the effect of CN polymorphisms on milk production traits than the use of individual CN genotypes.
The composite β-κ-CN genotypes that included the β-κ-CN haplotype A 2 B had a strong favorable effect on milk and protein yields in two separate breeds: the US Holstein (Ojala et al., 1997) and Finnish Ayrshire (FAy) (Ikonen et al., 1999) . For example, the rare β-κ-CN genotype A 2 A 2 AB was associated with the highest milk and protein yields (Ikonen et al., 1999) . The difference in milk yield between this genotype and the second best and most frequent composite genotypes A 2 A 2 AA and A 1 A 2 AE was about 100 kg.
Because the β-κ-CN haplotypes for the cows were unknown, the overall effect of haplotype A 2 B or any other β-κ-CN haplotype on milk production traits could not be considered by Ikonen et al. (1999) or by Ojala et al. (1997) . In addition, it was impossible to study whether the favorable effect of the rare haplotype A 2 B on milk and protein yields was due to this allele combination or other linked genes. This matter can be established by testing whether the cows carrying the same CN alleles (e.g., the cows carrying double heterozygous β-κ-CN genotype A 1 A 2 AB) but different combinations of the alleles (e.g., the cows carry either β-κ-CN haplotype combination A 1 A+A 2 B or combination A 1 B+A 2 A) differ in milk production traits. A statistically significant difference for a milk production trait between different haplotypes within a double heterozygous β-κ-CN genotype would indicate that genes linked to the CN loci contribute to the variation in this trait.
Thus far, CN haplotype effects on milk production traits have been studied in (Braunschweig, 1998; Lien et al., 1995; Velmala et al., 1995) , where the association between sires' CN haplotypes (in Braunschweig (1998) also maternal haplotypes) and breeding value estimates or daughter yield deviations for milk production traits were estimated. In one of the seven FAy families studied, the β-κ-CN haplotype A 2 A was associated with higher milk yield and lower fat content than haplotype A 1 E (Velmala et al., 1995) . None of the seven sires carried the β-κ-CN haplotype A 2 B (Velmala et al., 1995) . In Lien et al. (1995) , the α s1 -β-(a microsatellite in intron III of κ-CN)-κ-CN haplotype CA 5 (14)A had a favorable effect on milk and protein yields within family groups of five sires and two sires that carried this haplotype. Braunschweig (1998) reported that CN haplotypes had, on the contrary, no clear effect on milk production traits.
To the best of our knowledge, no one has yet estimated the association between CN haplotypes and milk production records of cows. One reason for the lack of this kind of study is that to reliably estimate CN haplotype effects, hundreds or thousands of cows with at least a few paternal half sibs need to be genotyped.
Estimation of CN haplotype effects of cows on their milk production records includes, however, a few advantages. First, samples of cows that are not selected for milk production traits (e.g., primiparous cows) are readily available. Second, the effect of a CN haplotype can be tested against all other haplotypes across the data. Third, when the CN haplotype effects are estimated with an animal model, adjustment of these effects should be possible for the polygenic effects of the cows (Kennedy et al., 1992) .
The objectives of this study were to 1) estimate the overall effects of the β-κ-CN haplotypes on first-lactation milk production traits, and 2) evaluate whether the favorable effect of β-κ-CN haplotype A 2 B on milk and protein yields observed previously (Ikonen et al., 1999; Ojala et al., 1997) was due to this combination or other linked genes.
MATERIAL AND METHODS

Data
The data of the present study was a subsample of the data that was used to estimate the effects of composite β-κ-CN genotypes and β-LG genotypes on first-lactation milk production traits (Ikonen et al., 1999) . Of the 18,686 cows in the above study, 17,330 cows, which each had at least nine paternal half sibs in the data, were used to deduce the β-κ-CN haplotypes by inheritance. The most likely genotypes of the sires of these cows were determined based on CN genotypes of their daughters. The CN haplotypes for the sires were inferred by minimizing the number of recombinational events that occurred in the daughters. Subsequently, we inferred which haplotype a daughter had inherited from the sire, assuming that the recombination fraction between the CN genes was zero. This procedure seemed justified given the tight linkage between the CN genes.
The β-κ-CN haplotypes could eventually be deduced for 17,068 cows. The 16,973 cows that carried two of the six most common β-κ-CN haplotypes (Table 1) were included in the statistical analyses. Expected frequencies of the β-κ-CN haplotypes for these cows were calculated by multiplying the frequencies of the β-CN and κ-CN alleles, which were calculated from the corresponding genotypes by the gene counting method.
Statistical Analyses
The effect of a β-κ-CN haplotype on first-lactation milk production traits (milk yield, fat yield, protein yield, fat content, and protein content) was estimated assuming the following univariate model:
where y = vector of observations for a first-lactation milk production trait; X = known incidence matrix relating observations in y to classes of fixed effects in b; b Number of cows (and observations).
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Number of sires of the cows in the haplotype classes.
= vector of unknown contributions of fixed effects for classes of calving year, calving month, age at calving, and days open; Q = known incidence matrix relating observations in y to classes of fixed effects in g; g = vector of unknown contributions of fixed effects for a β-κ-CN haplotype and β-LG genotypes; H = known incidence matrix relating observations in y to classes in c; c = vector of unknown contributions of random herd effects, (0, Iσ 2 c ); Z = known incidence matrix relating observations in y to classes in a; a = vector of unknown contributions of random additive genetic effects, (0, Aσ 2 a ); and e = vector of unknown random residual effects, N(0, Iσ 2 e ). First-lactation milk production records and pedigree information for the cows were the same as used by Ikonen et al. (1999) . The cows with CN haplotypes were daughters of 378 sires. The average number of daughters per sire was 45, but ranged from 10 to 666.
The grouping of the fixed effects in b was explained in Ikonen et al. (1999) . The effects of the six β-κ-CN haplotypes were estimated by individual haplotypes. Each β-κ-CN haplotype was grouped in two or three classes according to the number of copies (2, 1, or 0) of the haplotype the cows carried (Table 1 ). For haplotypes A 1 A, A 1 B, A 1 E, and A 2 A, three groups were formed, and none of the cows carried two copies of haplotype A 2 B or A 2 E. Within each haplotype, the cows carrying 2, 1, or 0 copies of the haplotype were daughters of several sires, and the average number of daughters per sire was less than 45 in each class (Table 1) .
The statistical significance of the overall effect of a β-κ-CN haplotype (i.e., the statistical significance of the differences between the independent classes within a haplotype) on milk production traits was tested using the F-test provided by the PEST software package (Groeneveld, 1990) . The hypotheses tested were K′b = 0, in which K′b contained the maximum number of independent classes of a β-κ-CN haplotype. The maximum number of independent classes was two for haplotypes A 1 A, A 1 B, A 1 E, and A 2 A and one class for the rare haplotypes A 2 B and A 2 E ( of the cows that did not carry that particular haplotype was set to zero (i.e., it was the class of comparison).
The effect of β-LG genotypes was included in model [1], because these genotypes contribute to the variation in milk production traits in FAy (Ikonen et al., 1999) . The β-LG was grouped in three genotype classes: AA (n = 1340), AB (n = 7053), and BB (n = 8580).
The variance components for the random effects used in model [1] were estimated from the data of Ikonen et al. (1999) . The heritabilities calculated from the variances were 0.22 for milk yield, 0.16 for fat yield, 0.14 for protein yield, 0.30 for fat content, and 0.53 for protein content.
In addition to the above analyses, we tested whether different haplotype combinations within the double heterozygous β-κ-CN genotypes differ in milk production traits. A statistically significant difference in a milk production trait between the different CN haplotype combinations within a double heterozygous β-κ-CN genotype would indicate that genes linked to the CN loci contribute to variation in this trait. Consequently, the statistical significance of the difference in milk production traits was tested between combinations A 1 A+A 2 B and A 1 B+A 2 A within β-κ-CN genotype A 1 A 2 AB and between combinations A 1 A+A 2 E and A 1 E+A 2 A within genotype A 1 A 2 AE. When testing these differences, the β-κ-CN haplotype in model [1] was substituted for the composite β-κ-CN genotype grouped in 16 classes (Table  2) . Because each cow carrying β-κ-CN genotype A 1 A 2 BE carried haplotypes A 1 E and A 2 B, this composite genotype was excluded from further analyses.
RESULTS
β-κ-CN Haplotype Frequencies
The most frequent β-κ-CN haplotypes were A 2 A and A 1 E; about half of the haplotypes were of type A 2 A (Table 3) . Haplotypes A 2 B and A 2 E were rare. No significant differences existed in the β-κ-CN haplotype frequencies between the cows and their sires.
Observed and expected frequencies differed for each haplotype (Table 3) . Haplotypes A 1 B, A 1 E, and A 2 A were more frequent, and haplotypes A 1 A, A 2 B, and A 2 E were rarer than expected, assuming random segregation of the CN alleles.
Different haplotype combinations existed within two double heterozygous β-κ-CN genotypes (Table 2) . About 14% of the cows carrying β-κ-CN genotype A 1 A 2 AB had haplotypes A 1 A and A 2 B, and 11% of the cows with A 1 A 2 AE genotype carried haplotypes A 1 A and A 2 E. Within composite genotype A 1 A 2 BE, each cow carried haplotypes A 1 E and A 2 B ( Table 2) .
The pedigrees of the cows carrying one copy of haplotype A 2 B or A 2 E were checked in detail to ascertain that the cows were not daughters of only few sires, which could cause interdependencies between the CN haplotype and sire effects and, thus, impede reliable estimation of the haplotype effects. The cows carrying haplotype A 2 B were daughters of more than 100 sires, and each of these sires had less than 40 daughters (Table 4) . One paternal grandsire had more than 100 granddaughters, but the rest of them had less than 50 granddaughters, and the maternal grandsires had less than 30 granddaughters. The cows carrying haplotype A 2 E were daughters of 68 sires, and the average number of daughters was nine (Table  4) . One sire, which had no paternal half sibs in the data, had more than 100 daughters. For the other sires, the number of daughters was less than 50. Except for one paternal grandsire, the number of granddaughters 
Effects of the β-κ-CN Haplotypes
Overall effects of the CN haplotypes. The β-κ-CN haplotypes A 2 A and A 2 B had a favorable effect on milk and protein yields, and each haplotype including the β-CN A 2 allele had an unfavorable effect on fat content (Table 5) . Haplotypes A 1 A, A 1 B and A 1 E were associated with low milk and protein yields and high fat content.
Although haplotypes A 1 B and A 1 E had similar effects on milk yield and fat content, their effects on protein content were markedly different. The A 1 B was associated with high protein content, and A 1 E was associated with low protein. Because of a strong favorable effect on protein content, haplotype A 1 B had no statistically significant effect on protein yield even though it had a clearly unfavorable effect on milk yield. Also haplotype A 2 A had a favorable effect on protein content, but its effect was weaker than that of haplotypes A 1 B and A 1 E.
Haplotype effects within heterozygous composite genotypes. Cows carrying different CN haplotypes differed in milk yield, protein content, or both even when they had same double heterozygous β-κ-CN genotype (and thus the same CN alleles; Figure 1) A 1 A+A 2 B produced 140 kg more milk (P = 0.045) with 0.03 percentage units less protein (P = 0.055) than those with combination A 1 B+A 2 A. Within composite genotype A 1 A 2 AE, the combination A 1 A+A 2 E was associated with 0.02 percentage units more protein (P = 0.098) than combination A 1 E+A 2 A. For the other milk production traits, the differences between the haplotype combinations within the heterozygous composite genotypes were far from being statistically significant.
DISCUSSION
General Associations Between CN Haplotypes and Milk Production Traits
In the present study, haplotypes A 2 A and A 2 B were associated with high milk and protein yields and low fat content, and haplotypes A 1 A, A 1 B, and A 1 E were associated with low milk and protein yields and high fat content. Protein content was mainly affected by the κ-CN locus; haplotype A 1 B was associated with high protein content, and A 1 E was associated with low protein.
The favorable effect of haplotype A 2 B on milk yield observed in FAy (Ikonen et al., 1999) and in US Holsteins (Ojala et al., 1997) was confirmed in the current study. The favorable effect of the β-CN A 2 allele on milk and protein yields has been reported previously (Bech and Kristiansen, 1990; Braunschweig, 1998; Freyer et al., 1998; Velmala et al., 1995) . The β-CN genotype A 2 A 3 has been associated with high milk yield (Ng- KwaiHang et al., 1986 KwaiHang et al., , 1990 , whereas others (Aleandri et al., 1990; Gonyon et al., 1987; Mao et al., 1992; Ortner et al., 1995) have reported that β-CN genotypes have no effect on milk yield. The favorable effect of the β-CN A 1 allele on fat content observed in the present study has also been reported previously (Bovenhuis et al., 1992; Ng-Kwai-Hang et al., 1986 , 1990 Ortner et al., 1995) .
The association between the κ-CN B allele and high protein content observed in the present study has been previously reported (Bovenhuis et al., 1992; Bovenhuis and Weller, 1994; Braunschweig, 1998) , but others have not agreed with this result (Bobe et al., 1999) . The κ-CN E allele has been reported to have no statistically significant effect on protein content (Velmala et al., 1995) .
Consequently, based on the results for the effects of β-CN and κ-CN genotypes on milk production traits in the literature, no consistent conclusions of the association between CN polymorphism and these traits can be drawn. The above studies dealing with milk protein polymorphism and milk production traits differ in various characteristics (e.g., size and structure of the data, breed of the animals, statistical methods and models applied, and the occurrence of the CN alleles). It is thus questionable whether detailed comparison of the results of these studies is reasonable.
Based on the results for the overall effects of the CN haplotypes in the present study, we can, however, hypothesize that in the FAy, the β-CN locus or genes linked to it affect milk and protein yields and fat content and that the κ-CN locus or genes linked to it affect protein content. It is, however, unclear why and how β-CN alleles would affect milk and protein yields and fat content and κ-CN alleles would affect total protein content. The β-CN A 1 and A 2 alleles differ by one amino acid substitution (Whitney, 1988) , and κ-CN A, B, and E alleles differ by one or two amino acid substitutions (Miranda et al., 1993) . Table 5 . Estimates (Est.) of the overall effects of the β-κ-CN haplotypes on first-lactation milk production of Finnish Ayrshire cows (n = 16,973). None of the haplotypes had a significant effect on fat yield.
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Haplotype Combinations Within Heterozygous Composite Genotypes
The difference in milk yields between the haplotype combinations within composite genotype A 1 A 2 AB and the difference in protein contents between the haplotype combinations within genotypes A 1 A 2 AB and A 1 A 2 AE (Figure 1) indicate that genes linked to the CN loci affect these traits. The favorable effect of haplotype A 2 B on milk yield observed in the present study (Table  5 ) and by Ikonen et al. (1999) was thus at least partly due to the favorable alleles at the unknown linked genes, which were in linkage disequilibrium with haplotype A 2 B.
Within paternal half-sib groups of four FAy sires (Velmala et al., 1999) , two putative QTL affecting milk yield and protein content have been detected at chromosome 6. Of the cows with composite genotypes A 1 A 2 AB and A 1 A 2 AE in the present study, only 1.5 and 0.9%, respectively, were daughters of three of the above-mentioned sires. Further, only 11% of the cows carrying genotype A 1 A 2 AB and 13% of those carrying A 1 A 2 AE were granddaughters of the four sires mentioned by Velmala et al. (1999) . Consequently, the probable existence of genes that are linked to the CN loci and affect milk yield and protein content was observed in the present study in a sample of FAy cows that are not closely related to those of Velmala et al. (1999) .
In most other studies that have looked for QTL affecting milk production traits, samples of Holstein populations were examined. The QTL affecting milk yield have been detected at chromosome 6 in US Holsteins (Georges et al., 1995; Zhang et al., 1998) and in German Holsteins (Kü hn et al., 1996) , and those affecting protein content have been found in the above populations (Georges et al., 1995; Kü hn et al., 1996; Zhang et al., 1998) and in Dutch Holstein-Friesians (Spelman et al., 1996) .
According to Farnir et al. (2000) , linkage disequilibrium exists between syntenic and nonsyntenic markers in the Dutch Black-and-White dairy cattle population, which is mainly due to the structure of the population. The structure of FAy is similar to that of Dutch Blackand-White dairy cattle. Consequently, the differences in milk yield and protein content between the haplotype combinations within A 1 A 2 AB and A 1 A 2 AE (Figure 1 are possibly due to linked genes that are located somewhere at chromosome 6.
Use of Composite CN Genotypes and CN Haplotypes
The main difference in the statistical analyses between the present study and Ikonen et al. (1999) was that in the former it was possible to distinguish between the different haplotype configurations for the cows carrying composite genotype A 1 A 2 AB, A 1 A 2 AE, or A 1 A 2 BE. The differences in milk yield between the haplotype combinations within composite genotype A 1 A 2 AB and those in protein content within genotypes A 1 A 2 AB and A 1 A 2 AE indicate that correct interpretation of the effects of composite genotypes may be difficult, if the haplotype configurations are unknown. For example, when analyzed as one group, the cows carrying composite genotype A 1 A 2 AB were associated with low milk yield (Ikonen et al., 1999) . Part of the cows carrying A 1 A 2 AB were, however, fairly good milk producers (Figure 1) .
Estimation of the real effect of haplotype A 2 B on milk production traits was somewhat difficult with model [1] . Part of the favorable effect of this haplotype on milk yield (Table 5) was probably due to unknown linked genes. Even though polygenic effects of the cows were taken into account with model [1], the effects of these unknown genes could not totally be separated from the effect of haplotype A 2 B.
CONCLUSIONS
The β-κ-CN haplotypes A 2 A and A 2 B were associated with high milk and protein yields and low fat content, and those including the β-CN A 1 allele were associated with low milk and protein yields and high fat content. Protein content was affected by the κ-CN locus; the B allele was associated with high protein content, and E was associated with low protein content. Within the composite genotype A 1 A 2 AB, the haplotype combination A 1 A+A 2 B was associated with 140 kg greater milk yield and 0.03 percentage units less protein content than combination A 1 B+A 2 A. Within A 1 A 2 AE, combination A 1 A+A 2 E was associated with 0.02 percentage units greater protein content than A 1 E+A 2 A. These results indicate that genes linked to the CN loci contribute to the variation in milk yield and protein content.
